Regional pituitary blood flow has been studied in adult female Fischer 344 rats by rl4C]iodoantipyrine autoradiography. A general mathematical solution has been derived to allow the calculation of blood flow in the second compartment of a portal system and the propor tion of blood "shunted" through the first compartment without exposure to tissue uptake from a knowledge of (a) the volume ratios of the two compartments, (b) the tissue tracer uptakes of the two compartments, and (c) the ar terial tracer concentration with respect to time of a freely diffusible tracer. Significant diffusion limitation and/or ar teriovenous shunting has been demonstrated in the neu rohypophysis, suggesting that the majority of incoming blood is "shunted" unchanged to the adenohypophysis.
The measurement of blood flow to the pituitary gland is complicated by its small size, inaccessible location, anatomical heterogeneity, and the combi nation of both arterial and portal venous supplies. The vascular anatomy of the gland is complex (Fig.  1) : the neurohypophysis (median eminence, pitu itary stalk, and posterior pituitary) has a segmental arterial blood supply with both a systemic and a portal venous drainage. The median eminence drains predominantly via long portal veins but the posterior pituitary drains both by short portal veins and also directly to the cavernous sinus (Daniel and Prichard, 1975) . The two portal systems provide the entire blood supply to the adenohypophysis; the long portal system supplies the majority [�70% in the rat (Porter et aI., 1967; Daniel and Prichard, 1975) ] and the short portal system supplies a smaller area adjacent to the posterior pituitary. The two portal systems are represented diagrammatically in Fig. 1 .
MEASUREMENT OF REGIONAL BLOOD FLOW TO THE ADENOHYPOPHYSIS
Quantification of the blood flow to the neurohy pophysis is relatively straightforward, except that the flow is so high as to be beyond the reliable range of most techniques (Eklof et aI., 1974; Eckman et aI., 1975; Raichle et aI., 1976; Goldman et aI., 1980;  see the Discussion and Table 3 ). The adenohy- pophysis presents a more formidable problem be cause of its portal supply. The only technique ca pable of the spatial resolution required to measure in detail the pattern of adenohypophysial blood flow is based upon the measurement of tissue uptake of a freely diffusible tracer ([ 1 4 C]iodoantipyrine) by quantitative autoradiography (Sakurada et aI., 1978) . This method requires knowledge of the input tracer concentration with respect to time for the adenohypophysis. If the portal blood (input) tracer concentration cannot be continuously sampled without trauma, its relationship to the arterial tracer concentration must in some way be derived. The problem may be further complicated as previous observations suggest a more complex flow pattern than is currently recognised: First, the microvascu lar anatomy of the median eminence comprises two discrete but communicating capillary plexuses (the external and internal). The superior hypophysial ar tery supplies the external plexus from whence blood may be diverted into the substance of the median eminence via the internal plexus or passes directly ("shunt") into the long portal veins (Page, 1986) . Second, 15 f.Lm microspheres, following their arterial injection, are not trapped completely in the median eminence at least in the sheep. Indeed, de spite there being no direct arterial blood supply to the sheep adenohypophysis, sufficient micro spheres traverse the median eminence capillary plexuses to give an estimated adenohypophysial blood flow rate of 0.35 ml g-l min-1 (Page et aI., 198 1) . This raises the possibility of a neurohy pophysial arteriovenous shunt, which has not to the knowledge of the authors been previously de scribed.
We have examined the mathematical problems of modeling the effects of a portal system upon blood flow in general and, for the particular case pre sented by the use of [ 1 4 C]iodoantipyrine autoradi ography, to estimate regional pituitary blood flow. The special case presented by hydrogen clearance after tissue saturation has been solved previously by Porter et ai. (1967) but this technique lacks de tailed spatial resolution. We have extended Porter's compartments-in-series model to provide a general solution for a portal system with or without an ar teriovenous shunt. The detailed mathematical vali dation is given in the Appendix. We have previ ously reported a preliminary account using com puter modeling rather than the analytical approach; thus, the results differ slightly from the present study (Lees et aI., 1986) .
METHODS

Blood flow measurement
In two separate experiments, eight female Fischer 344 rats (125-150 g) were anaesthetised with halothane (2% in 2: I nitrous oxide:oxygen) and femoral artery and venous cannulae inserted. For postoperative analgesia, 0.5% xy locaine was instilled into the wound prior to suturing, and the animals were allowed to recover for 90-120 min whilst lightly restrained in snug-fitting Perspex boxes with trans parent lids and large air holes. Normal core temperature was maintained and systolic blood pressure and arterial blood concentration recorded. At the end of the recovery period, [14C]iodoantipyrine autoradiography was per formed (Sakurada et aI. , 1978) with the modification of Richards et al. (1987) for determining the arterial tracer concentration curve.
[14C]Iodoantipyrine was infused intravenously for 1 min at increasing concentration to minimise the experi mental errors (Patlak et aI., 1984) . Synchronously, gamma-emitting [99mTc] pertechnetate was infused intra venously and the chest clearance monitored by an exter nal detector (Richards et al., 1987) . At the end of the infusion period, animals were killed by decapitation and an arterial blood sample collected onto pre weighed filter paper discs. The brain and pituitary gland were swiftly removed en bloc and deep frozen (-50°C) in liquid isopentane. Twenty micron sections were then cut (in a cryostat) in the coronal plane from the optic chiasm ros trally (to ensure inclusion of the median eminence) to the caudal limit of the posterior pituitary. Sections were dried on glass slides and left for 3 days for the 99mTc (half-life of 6 h) to decay before autoradiographs were produced by exposing tissue sections to standard radiographic film for 14 days. The tracer concentration was measured by den sitometry calibrated by [14C]methylmethacrylate stan dards (Amersham International PLC, Amersham, Bucks, U.K.). Blood flow was subsequently estimated for four areas of the gland: (a) median eminence, (b) posterior pituitary, (c) adenohypophysis, short portal territory, and (d) adenohypophysis, long portal territory.
Partition coefficient
In separate experiments, the [14C]iodoantipyrine tis sue:blood partition coefficient (A) for the median emi nence, posterior pituitary, stalk, and adenohypophysis was determined. Four rats of the same strain, sex, and weight, and anaesthetised in the same way, received an intravenous injection of [14C]iodoantipyrine and were maintained under anaesthesia for 30 min to allow equili bration of the isotope. The animals were then killed by decapitation and an arterial blood sample collected on preweighed filter paper discs. The pituitary gland was processed as described above and the isotope concentra tion determined by autoradiography. The arterial tracer concentration was measured by liquid scintillation and the partition coefficient calculated.
Flow models
The application of the [14C]iodoantipyrine autoradio graphic technique to the measurement of pituitary blood flow required the derivation of new operational equations because of the portal systems. In addition to the simple compartments-in-series model assumed by Porter et al. (1967) , the following alternative flow models have been examined and operational equations derived: (a) simple compartments-in-series model, (b) neurohypophysial ar teriovenous shunt model, and (c) neurohypophysial dif fusion limitation model. The derivations of the equations are described in detail in the Appendix; graphs are given to simplify calculation.
RESULTS
The mean systolic blood pressure was 110 ± 14 mm Hg (SD), the Pa02 was 99 ± 25 mm Hg, and the PaC02 was 41 ± 6 mm Hg.
The partition coefficient (X.) of pituitary tissue: blood was found to be 0.86 ± 0.08 (SD) compared to 0.8 ± O.03 for rat whole brain (Sakurada et al., 1978; present experiments) . The difference could be due to the short equilibration time used in these exper iments; however, substitution of the lower value alters flow values in each of the four compartments by less than 5%. Figure 2a is an autoradiograph taken at the level of the median eminence. Figure 2b is a coronal au toradiograph through the brain and demonstrates the posterior pituitary and adenohypophysis. Table 1 summarises the results of flow calcula tions in all four compartments of the pituitary gland for both the compartments-in-series and the neuro hypophysial shunt flow models.
DISCUSSION
A number of studies have measured blood flow in parts of the pituitary gland (Table 2) simultaneously. Only the hydrogen clearance tech nique has previously been validated for application to the second compartment (adenohypophysis) of a portal system (Porter et al., 1967) . The present study has validated the technique of e 4 C]iodoan tipyrine autoradiography for application to the pitu itary portal system, demonstrating for the first time the detailed pattern of blood flow across the entire gland. The heterogeneity of flow has been con firmed and a hitherto unrecognised neurohypophy sial arteriovenous shunt has been demonstrated.
Adenohypophysial blood flow measurement
The earliest studies employed the indicator frac tionation method (for summary, see Table 2 ) with 86Rb as tracer (and in one study, e 2 5I]iodoantipy rine). No correction was made for the first com partment although the hypothalamus was shown to extract 20% of the tracer "destined for the adenohypophysis" (Goldman, 1963) ; it was ac knowledged that the method underestimates adeno hypophysial flow by an unknown factor. Global ad enohypophysial flow rates were measured ignoring the presence of two portal systems (Daniel and Pri chard, 1975) and the heterogeneous flow rates shown in this and other studies (Porter et al., 1967; Kemeny et al., 1985) . Flow estimation from a measurement of the rate of clearance of a tracer after local injection into a tissue is (assuming no recirculation) independent of input function and therefore potentially ideal for ap plication to a portal system. However, artefact due to tissue trauma (likely to be exaggerated in a small organ) leads to underestimation of flow (Cameron and Caronna, 1976) . Furthermore, in the pituitary gland, an external detector will be unable to distin guish between tracer clearance from the gland and that cleared via the adjacent cavernous sinuses (the major venous drainage route of the gland). A study using this technique gave considerably lower ade nophypophysial flow rates than other models (Table  2 ; Sooriyamoorthy and Livingston, 1973) .
The application of the hydrogen clearance tech nique to the pituitary gland was examined in detail by Porter et al. (1967) . In a portal system, when the arterial tracer concentration falls, the tissue of the first compartment desaturates into the portal blood and the tracer input to the second compartment cannot be assumed to be zero. Porter demonstrated that the significance of portal venous contamination by de saturation of the first compartment is depen dent upon the mass ratio of the two compartments; the critical ratio was found to be 2: 1 (second:first compartment), above which desaturation of the sec ond compartment parallels desaturation of a single compartment system with a direct arterial blood supply. Porter et al. (1967) demonstrated that the ratios for both long and short portal systems of the rat exceed 2: 1, enabling the standard equations to be applied to the measurement of adenohypophysial blood flow. Heterogeneous adenohypophysial blood flow was demonstrated with higher values in the short portal than in the long portal territory (Porter et aI., 1967; Kemeny et aI., 1985) .
Neurohypophysial blood flow measurement
Quoted neurohypophysial blood flow rates vary considerably: 1.49-4.61 ml g-I min -I for the me dian eminence and 2.36--8.25 ml g-I min -I for the posterior pituitary (Table 2) . Such high flow rates can only be measured reliably with tracer molecules of high lipid solubility (Eklof et aI., 1974; Eckman et aI., 1975; Raichle et al., 1976; Goldman et al., 1980) .
[ 14 C]Iodoantipyrine autoradiography
Long portal system. In the simple compartment in-series portal flow model (see Fig. 3 ; Porter et aI., 1967) , total blood flow (ml min -I) through the two compartments is the same and, consequently, tracer concentrations in the two compartments are related [see the Appendix, Eqs. (4) and (5)]. There fore, using the measured first compartment tracer concentration, an expected second compartment (adenohypophysis) tracer concentration can be de rived for comparison with the observed value. For all animals in the present study, "observed" tissue tracer concentrations exceeded the "expected" values by a mean factor of 27 (range of 13-35) for the long portal system and 9 (range of 2-13) for the short portal system. These observations challenge the validity of the compartments-in-series flow model and imply that the first compartment is "not seeing" a significant quantity of tracer. This may be explained either by diffusion limitations if the flow configuration is correct, or alternatively by a neu rohypophysial arteriovenous shunt (see Appendix, Fig. 5 ).
Arteriovenous shunt model. If a neurohypophy sial shunt (see Fig. 5 ) exists, agreement with the observed value of the second compartment tracer concentration is possible by the inclusion of the variable a, the ratio of nonshunted:total neurohy pophysial flow [see the Appendix, Eq. (7)]. Consis tency is obtained between the measured values of tracer concentration in the two compartments of the long portal system if 89% (a = 0.11, range of 0.07-0.16) of the incoming blood flow is shunted through the median eminence. When the size of the shunt flow is known, the specific blood flow rate in the second compartment is readily determined to be 1.18 ml g-I min-I [see the Appendix, Eq. (8) ].
Diffusion limitation model. If the simple compart ment-in-series model (see Fig. 3 ) were valid (no shunt), then consistency between the observed tracer concentrations can, under certain circum stances, be achieved if considerable diffusional lim itations were present. In this situation, as described J Cereb Blood Flow Metab, Vol. 12, No.1, 1992 by Kety (1951) for a single-compartment model, a diffusional parameter (" M I " not equal to 1) must be included in the flow rate calculations [see the Ap pendix, Eq. (11)]. However, in five of eight exper iments, the tracer concentration in the second com partment (adenohypophysis) was greater than that of the first compartment (median eminence or pos terior pituitary); this cannot be explained by diffu sional limitation alone. Thus, whilst the existence of some diffusion limitation cannot be ruled out, its effect is believed to be minor relative to that of the shunt stream, which appears to be the dominant process.
Short portal system. Using the standard Kety ap
proach [see the Appendix, Eq. (3)], the posterior pituitary flow rate in the present study was 1.68 (range of 0.83-3.53) ml g-I min-I. Again, the pre dicted tracer concentration in the second compart ment was much lower than the experimentally ob served value. Using the shunt model and assuming no nonportal venous drainage, a mean shunt flow value of 72% (a = 0.28) was determined. This value of " a " results in a mean value of 1.42 (range of 0.76--2.07) ml g -I min -I for the blood flow rate of the short portal territory of supply of the adenohy pophysis. Anatomical studies (Daniel and Prichard, 1975) suggest that unlike the long portal system, there is significant nonportal venous drainage from the pos terior pituitary that complicates flow calculations to the extent that accurate second-compartment flow values cannot be determined without knowing the relationship between portal and nonportal venous drainage. However, the natural limits of zero and 100% can be applied to allow adenohypophysial flow to be expressed as a range, the upper limit of which (nonportal venous drainage = zero) is given above. The lower limit (nonportal venous drainage = 100%) implies that the arterial supply to the pos terior pituitary is divided in two: a supply to the tissue of the posterior pituitary and an "arteriove nous shunt" through short portal veins; in effect, the blood supplies to the posterior pituitary and the adenohypophysis exist in parallel. In this model, the short portal territory of the adenohypophysis effectively receives arterial blood and flow may then be calculated accordingly [see the Appendix, Eq. (3) or a = 0 in Eq. (7)]. This complicated pro cedure gives limits of 1.42-1.97 ml g-I min -I for short portal adenohypophysial flow; similarly, the limits of the shunt flow are 72 and 73%. It is as sumed that the small difference in shunt values is because posterior pituitary tissue flow is small rel ative to the shunt flow and, consequently, nonpor tal venous drainage contains relatively little tracer.
Significance of a neurohypophysial arteriovenous shunt
The concept of a neurohypophysial shunt has not, to the knowledge of the authors, been previ ously described. However, there is both anatomical evidence and a physiological rationale to support such a hypothesis. The complex relationship of in ternal and external median eminence capillary plex uses is such that incoming arterial blood may either perfuse the tissue of the median eminence via the internal plexus or be diverted to the adenohypophy sis via the external plexus (Page, 1986) ; the latter may constitute a physiological arteriovenous shunt. The adenohypophysis is large relative to the neuro hypophysis and a considerable proportion of incom ing blood flow must be primarily destined for the metabolic needs of the adenohypophysis. A portal system and a neurohypophysial arteriovenous shunt is an elegant way of subserving this function whilst preserving the neurovascular link between the hypothalamus and adenohypophysis, which is vital to the control of the endocrine system.
CONCLUSIONS
The mathematical complications of the portal systems have been overcome for the e 4 C]iodoan tipyrine autoradiographic technique, which has proved to be a valuable method for the study of pituitary blood flow in small animals. A combina tion of mathematical analysis and physiological measurements have demonstrated a hitherto unrec ognised complex flow model. The detailed pattern of pituitary blood flow demonstrating considerable heterogeneity has been shown and extends the ob servations of the hydrogen clearance studies (Porter et aI., 1967; Kemeny et aI., 1985) for the adenohy pophysis.
APPENDIX
The standard representation of a portal system, such as that found in the pituitary (Porter et aI., 1967) , is to consider the tissue to be composed of two compartments connected in series as shown in Fig. 3 , where all symbols are defined in the Nomen clature. The tissue concentrations in the two com partments are described by dC1(t) VI ---;j( = QI(Ca,(t) -C e ,(t))
(1)
where tissue-blood equilibrium is assumed, i.e., Clt) = "iCe (t), and concentrations are assumed to be uniform throughout the tissue in each compart ment.
While these equations can be solved numerically, an analytical solution is possible for the particular case of the tracer uptake method in which a ramp input, Ca,(t) = At, is employed. This case is of spe cial interest because it has been shown by Patlak et al. (1984) that a ramp input should be used in tracer uptake studies in order to minimize errors in blood flow rate estimates. Assuming that the tissues are initially free of tracer, the use of the integrating fac tor method gives
At the time of killing, knowledge of the value of the grouping C)(DIATh) enables k l Tt o be implicitly determined from Eq. (3), which then leads directly to the blood flow rate in the first compartment. To facilitate this determination, Fig. 4 can be used to determine explicitly kIT given a value of C)(DI AT,,). Because tissue equilibrium has been as sumed, the value of F) is given by F) = (k)D")IT.
In a similar fashion, for a particular value of CiDIATh2, the quantity k2T can be implicitly de termined from Eq. (4), which then leads to the blood flow rate in the second compartment. How ever, in order to perform this calculation, it is nec- It should be noted that with this compartments-in series model, the ratio of the specific flow rates to the two compartments is forced to be equal to the volume ratio of the compartments. This can result in very large specific flow rates being calculated for the median eminence. Additional evidence against the simple compartments-in-series model is found in the flow studies of Page et al. (1981) , where ap preciable quantities of microspheres were found in the anterior pituitary even though all microspheres should have been trapped in the median eminence or the posterior pituitary if these tissues acted as series compartments preceding the anterior pitu itary. Thus, there is reason to believe that the com partments-in-series model is not an adequate repre sentation of the flow configuration in the long and short portal systems of the pituitary.
A modification of the compartments-in-series model that would be physiologically consistent is to postulate that much of the flow approaching the first compartment (e.g., the median eminence) never in fact reaches it, but instead passes through an arteriovenous shunt directly to the inlet of the second compartment (anterior pituitary). Such an arrangement is shown in Fig. 5 . If, as before, diffusion equilibrium is assumed, then the time dependence of the concentration in the first compartment is given by Eq. (3) and the concentration in the second compartment is de scribed by Eq. (2). However, now the correct value of Cap) must be determined from the average con centration resulting from mixing the shunted stream with the efferent from compartment 1, i.e.,
Substitution of this into Eq. (2) for the case of a ramp input produces It is readily seen that Eq. (7) is only a slight mod ification of Eq. (4). However, this difference is quite important, because it is now possible indepen dently to specify values (within limits) for k, T, k2T, and 'Y due to a now appearing in the relationship between these quantities as given by For example, given a value for CI(I), it is possible to determine kl T either numerically as a root of Eq.
(3), or graphically from Fig. 4 . Once kiT is deter mined, substitution of Eq. (8) into Eq. (7) to elimi nate a results in a single equation in which the only unknown is k2T. This equation can be solved nu merically, or alternatively Fig. 6 can be used, which is a solution of Eq. (7) for several values of k, T.
In Fig. 6 , each curve for a particular value of kl T has a definite upper left-hand point at which it be gins. This point corresponds to a = 1 and thus, if a Cz(1) value were to be such that the potential inter section with the kiT curve was to the left of this point, that indicates a value of a > 1, which would imply that, rather than there being a shunt around compartment 1, there is instead a nonportal venous drainage from compartment 1, with only a fraction of the flow from compartment 1 going to compart ment 2 (with no shunt). The combination of a non portal venous drainage with a shunt is shown in Fig.   7 . From measurements of CI(1), Cz{I), and 'Y, it is not possible to determine all of the flows in Fig. 7 because this would require the independent speci fication of four parameters using only three pieces of information. It is only possible to determine the effect on F2 of the two limiting situations, namely Qd = Q, or Qd = O.
The procedures for determining the specific flow rates in a compartments-in-series model are best illustrated by way of a sample calculation. In the following, all values of specific blood flow rate F = Q/V have the units ml/[(cm3 of tissue) min]. For the basis of the calculation, the data for one of the ex periments will be used, i.e., for the posterior pitu itary-adenohypophysis (short portal territory) sys tem, CI(1)/AD.. I = 883/(4,415 x 0.69 x 0.86) = 0.337 and Cz{I)/AD.. 2 = 1,020/(4,415 x 0.69 x 0.86) = 0.389, with V/V2 = 'Y = 0.33 used for the vol ume ratio of the two compartments. The specific flow rate for compartment 1 can always be deter- mined from Eq. (3) or from Fig. 4 independent of whether a shunt or a nonportal drainage stream is present. Thus, from the value of C\(T)IATA." a value of k\T = 0.88 is found from Eq. (3). If the flow situation is as shown in Fig. 3 , then k2T is deter mined from Eq. (5), i.e., k2T = -yk\T = 0.29, which results in a specific flow rate of F, = k\ T(X,/I) = 0.88(0.86/0.69) = 1.1, from which F2 = -yF\ = 0.36 is determined for compartment 2. However, this flow rate for compartment 2 is not consistent with the given value of Cz{I)IATA.\, because when k\ T = 0.88 and k2T = 0.29 are substituted into Eq. (4), a value of Cz{I)IATA.2 = 0.032 [or C2(1) = 84] results, which is much less than the observed value of 0.389 [or 1,020 for C2 (1)]. Thus, the flow configuration shown in Fig.  3 cannot describe the given observations.
If instead the flow situation is as given in Fig. 5 , then the values of k\ T and F\ are not changed, but now the values of a and k2T must be determined from Eqs. (7) and (8) or by using Fig. 6 . Using C2(1)1 ATA.2 = 0.389, kiT = 0.88 and -y = 0.33, it is found that a = 0.21 from Fig. 6 , which gives a value of 1.73 for F2 from Eq. (8), i.e., F2 = x'2-y(k,T)laT.
For the sake of illustrating the calculation, should a nonportal venous drainage also be present, as de picted in Fig. 7 , then the value of F 2 = 1. 73 repre sents the upper limit for the specific flow rate to compartment 2, corresponding to a negligible non portal flow from compartment 1. The other limit is when all of the flow entering compartment 1 exits in the nonportal drainage, so that compartment 2 is solely supplied by the shunt stream (the two com partments are now in parallel rather than in series). In this situation, F2 can be determined by using Eq.
(3) or Fig. 4 (with the subscript 1 replaced by 2). Using Cz(1)IATA.2 = 0.389 in Fig. 4 ries compartments with a shunt) can be rationalized on a physiological basis, it should be recognised that it is not necessarily unique in its ability to de scribe portal system tracer concentrations C \ (T) and Cz (1), which are not consistent with the volume ratio of the compartments. For example, if diffusion equilibrium is not assumed, then the original com partments-in-series model without a shunt (Fig. 3) can also, under certain circumstances, describe such data. First, considering compartment 1 in Fig.  3 , as shown by Kety (1951) , the effect of diffusional limitations on the efferent blood concentration can be approximately determined from a steady-state balance on the tracer in the blood along the length of the tissue:
Integration of Eq. (9) from 0 to L [C a, (t) to Ce , (t) for the blood concentration], with subsequent rear rangement, produces
Substituting Eq. (0) into the transient tracer bal ance for the tissue lEq. (1)] produces a solution identical to Eq. (3), where k\ is now defined as k\ = M\ Q \IV\X,\. Repeating this analysis for compart ment 2, recognizing that Eq. (0) should be used to eliminate Ca , (t), produces the solution for the case of a ramp input to compartment 1: (11) where the compartment volume ratio and the diffu sion parameter are related by Note that Eq. (11) is identical to Eq. (7) when M\ is replaced by a.
As with the case of the shunt, it is possible inde pendently to specify F\, F2, and -y. However, a dif fusion model is more restricted than a shunt model in the ability to describe experimental observations because it is physically impossible for diffusional limitations to produce a concentration in compart ment 2 that is greater than that in compartment 1 when the P S value (product of the permeability and the surface area) is the same for both compart-ments. A value of Cin greater than Cl (n due to diffusion can only occur if PS for the second com partment is much greater than that for the first com partment. This situation does not exist for the pitu itary, in fact the reverse is probably true, in that the physiology of the pituitary is such that S (the spe cific surface area of the blood vessels) is probably larger in the median eminence and the posterior pi tuitary than in the adenohypophysis. Thus, diffu sional limitations cannot be used to account for the observed tissue concentrations for the five cases in which Cin was greater than C,(n. In the remain ing six cases where diffusional limitations could possibly account for the observed tissue concentra tions, the results of calculations using the diffusion model are physically questionable in that very large blood flow rates are predicted, i.e., rates of 8.6 to 59.3 for the median eminence. Thus, only the shunt model provides a consistent and physically reason able explanation of all of the observations. 
